. A Ca 2ϩ block of Na channels was evident in rat and guinea pig ventricular myocytes during cell-attached single channel recordings with a physiological ionic environment (140 mM Na ϩ and 1 to 10 mM Ca 2ϩ in the pipette solution). Increasing external Ca 2ϩ concentration ([Ca 2ϩ ] o ) in the pipette solution reduced the unitary current amplitude predominantly at negative potentials. With [Ca 2ϩ ] o Ͼ1 mM, unitary current amplitude did not increase at potentials negative to Ϫ40 mV in spite of augmented driving forces. The application of 5 M isoproterenol potentiated the single channel activity elicited by depolarizing pulses from the holding potential of Ϫ120 mV, indicating that the channels in the patch under examination were modified by protein kinase A (PKA) stimulation. Increased activity was also confirmed with veratridine-modified Na channels, where channel openings were markedly prolonged. In either case, isoproterenol-induced potentiation neither reduced nor altered the properties of Ca 2ϩ block of cardiac Na channels, as evidenced by the stable unitary current amplitudes at potential levels from Ϫ60 to Ϫ20 mV. These results indicate that interactions among Na , and the channel molecule were not modified with respect to permeation properties. They therefore argue against the "slip mode" concept of classical cardiac Na channel if a general concept of ion permeation through "multi-ion pores" is applicable to determine the ionic selectivity of Na channels. [Japanese Journal of Physiology, 51, [679] [680] [681] [682] [683] [684] [685] 2001] Biophysical and molecular biological studies indicate that Na channels and Ca channels share several properties, including those for the mechanism of ionic selectivity. In both cases, selectivity was assumed to come from the interaction between the permeating ion and the specific region of channel protein. The importance of "DEKA" region as the selectivity filter is demonstrated by the mutagenesis experiments, where Na channel was converted into the one that passed Ca 2ϩ ions in the presence of Na ϩ [11] . This locus also appeared to play a role in the mechanism of block by external Ca 2ϩ and H ϩ [12] . If "slip-mode conductance" takes place during PKA stimulation, Ca 2ϩ ions change their nature, from blocker of Na channels to permeable charge carrier. Because this conversion was a phenomenon within the physiological concentrations of Ca 2ϩ and Na ϩ ions, situations are quite different from where physiologically permeable Na ϩ ions are removed from the external solution to evoke permeation of Ca 2ϩ through Na channels [7] . The "slip-mode" conversion without changes in ionic concentration requires an alteration in the molecular machinery of ionic selectivity. Then it might be recognizable through changes in the property of Ca 2ϩ blocking action in physiological ionic environments because the blockade was determined by interactions among Na , and the channel protein.
We therefore examined how Ca 2ϩ blockages of Na channels were affected during PKA stimulation. Experiments were done at a single channel level where channel identification was not difficult.
MATERIALS AND METHODS
Preparations. Ventricular myocytes from guinea pig and rat hearts were obtained by an enzymatic dissociation procedure similar to that described previously [13] . Briefly, guinea pigs weighing 200-250 g or rats weighing 150-200 g were anesthetized with pentobarbital sodium (40 mg/kg, I.P.). The chest was opened and the aorta cannulated in situ and perfused with Tyrode solution before the heart was removed. Hearts were then retrogradely perfused with low Ca Single channel recording. Single Na channel currents were recorded in cell-attached configuration [14] at room temperature, using AXOPATCH-1D amplifier (Axon Instruments, CA), as described in our previous study [10] . The bath solution contained (in mM) K-aspartate 120, KCl 20, glucose 10, EGTA 2, and HEPES 10 (pH 7.4 by KOH). The pipette solution contained NaCl 140, CaCl 2 0.1-10, and HEPES 10 (pH 7.4 by KOH). Pipettes were pulled from capillary tubes in a two-step process, coated with insulating varnish, and fire polished. The electrode had a resistance of ϳ20 M⍀ when the pipette was filled with the pipette solution. The membrane potential of myocytes was depolarized to approximately 0 mV by high K ϩ solution. The electrode potential was adjusted to give a zero current between the pipette solution and the bath solution immediately before the seal formation.
A pClamp system with a Digidata 1200 interface (Axon Instruments) was used to generate voltageclamp commands and to acquire membrane currents. Patch membranes were depolarized at 2 Hz to Ϫ80 to Ϫ10 mV for 35 ms from the holding potential of Ϫ120 mV. Current signals were filtered at 4 kHz (eight-pole Bessel filter) and sampled at a rate five times the filter frequency (20 kHz). In experiments using veratridine, test pulses were delivered at 1 Hz with a duration of 350 ms. Signals were filtered at 1 kHz and sampled at 5 kHz (Fig. 3) . Unitary current amplitudes were estimated from sweeps exhibiting well-resolved openings with a cursor technique ( Fig.  1) , or determined by fitting Gaussian distributions by using a Levenberg-Marquardt least-squares fitting routine. Figure 1 compares the openings of Na channels from two different patches of guinea pig myocytes with 0.1 and 10 mM Ca 2ϩ in the pipette solution. With 0.1 mM Ca 2ϩ , channel openings first appeared around Ϫ80 mV when test pulses were given from the holding potential of Ϫ120 mV. As test potentials of increased depolarization were applied, unitary current amplitudes were decreased, and channel openings were clustered at the beginning of test pulses (decrease in the first latency). In contrast to cardiac Ltype Ca channels [15] , the duration of channel openings appeared to be only slightly affected by test voltages. With 10 mM Ca 2ϩ in the pipette solution, Na channel activity could first be seen at around Ϫ60 mV with markedly reduced current amplitude. The amplitude of the current changed little when test potentials were given to more depolarized levels. The first latencies were decreased, however, indicating that the machinery governing gating kinetics actually sensed the electric field posed by test pulses. Figure 1B shows current-voltage relationships of single Na channels with three external (pipette) Ca 2ϩ concentrations. With 10 mM Ca 2ϩ , in spite of an increased driving force for inward Na currents, current amplitudes were not augmented at potentials negative to Ϫ40 mV. This was also so with 1 mM Ca 2ϩ in the pipette solution. With 0.1 mM Ca 2ϩ , however, the relation was linear at potential levels from Ϫ60 to Ϫ20 mV.
RESULTS

Voltage-dependent block of Na channel by Ca
2؉
Within the time scale adopted in this study (4 kHz filtering and 20 kHz sampling), Ca [9] . Thus a voltage-dependent block of Na channels by Ca 2ϩ was clearly recognized as changes in unitary current amplitudes. Figure 2 shows current traces from a rat ventricular myocyte with 1 mM Ca 2ϩ in the pipette solution. At the test potential of Ϫ60 and Ϫ40 mV, the application of isoproterenol (5 M) increased channel openings. This was confirmed by the averaged current traces, which were shown superimposed at the left bottom. PKA stimulation is known to shift the voltage dependence of activation and inactivation to negative potentials [16] . This causes an increase in the channel activity when holding potentials were kept at high negative levels (Ϫ120 mV in our case). Therefore our observation indicates that channels under examination in the patch were actually modified by PKA stimulation.
Effect of isoproterenol
The "slip-mode" concept allowing Ca 2ϩ ions to pass through Na channels imply the changes in the interaction between Ca 2ϩ and the channel protein. The properties of the Ca 2ϩ block of Na current, which were determined by interactions among Na "slip-mode" state evoked by PKA stimulation. We expected that this alteration might be more prominently documented at hyperpolarized potential levels, where a voltage dependent block of nonmodified Na channel was more compelling. After PKA-induced potentiation of channel openings, however, unitary current amplitudes were not modified as confirmed by amplitude histograms, shown in Fig. 2B . Because of a voltage-dependent block by 1 mM Ca 2ϩ in the pipette solution, unitary current amplitudes were not much different from test potentials of Ϫ40 and Ϫ60 mV in spite of different driving forces (0.93 pA for Ϫ40 mV and 0.95 pA for Ϫ60 mV, for control and also for after isoproterenol application). The fixed unitary current amplitudes at two potential levels suggested that the voltage dependence of Ca 2ϩ block was also untouched during PKA modulation.
At levels between Ϫ60 and Ϫ20 mV, the stability of open channel current amplitude during isoproterenol application was a consistent finding in guinea pig and rat myocytes (nϭ11 and 5, respectively).
Effect of isoproterenol on veratridine-modified Na channels
We next examined the effect of isoproterenol, using veratridine-modified Na channels, where the resolution of unitary current amplitude proved much more reliable than for the control unmodified channel. Veratridine (50 M in the pipette solution) not only prolonged channel open times, but it also decreased the unitary current amplitude, as shown in our previous report [10] . However, the application of isoproterenol (5 M in the bath solution) still potentiated veratridine-modified Na channels. Figure 3 shows a case of guinea pig ventricular myocyte with 10 mM Ca 2ϩ in the pipette solution. A voltage-dependent block by Ca 2ϩ was neither relieved nor altered after isoproterenol-induced potentiation, as evidenced by identical I-V relationships shown in C. The same results were confirmed in two additional cases of rat ventricular myocytes. 
DISCUSSION
The present study showed that a Ca 2ϩ block of cardiac Na channels persisted in an identical way during ␤-adrenergic stimulation, where increased activity of PKA was evidenced by the increase in channel open probability. Our single channel study should be free from the problems of channel identification, because data are consistent with the well-characterized properties of single cardiac Na channel currents. The results pointed out that after PKA stimulation, interactions among Na ϩ ion, Ca 2ϩ ion, and the channel molecule were not modified when viewed from the permeation properties of Na ϩ . They argue against "slip-mode conductance" of a classical cardiac Na channel if a general concept of ion permeation through "multi-ion pores" is applicable to determine the ionic selectivity of Na channels.
Ionic selectivity of multi-ion channels. The ionic selectivity of ion channels is believed to come from an interaction between the permeating ion and the specific region of the channel pore called "selectivity filter" [1, 17] . When compared with K ϩ channels, which have a narrow selectivity filter allowing ions of a particular size to pass, Na channels (and Ca channels) appear to have a wider filter region that discriminates ions of comparable radius, such as Na ϩ and Ca 2ϩ . In either case, the conduction of ions through the channel protein is rapid in spite of highly selective permeability. This may be brought about through ionion repulsion when a filter region admits multi-ion occupancy [1] .
For Na channels, a conserved motif of four residues in the P regions of homologous Domains I-IV, termed the DEKA locus, was shown to play a critical role in ionic selectivity [11, 12, 18] . The substitution of ly-Identical Ca 2ϩ Block of PKA-Potentiated I Na sine residue in Domain III for glutamic acid (DEKA to DEEA or DEEE) conferred Ca channel characteristics on Na channels [11] . Furthermore, reducing the net negative charges at these positions caused a marked decrease in single channel conductance [19] .
Interaction among Na ؉ , Ca
2؉
, and the channel protein.
In physiological conditions, the extracellular solution contains both Na ϩ and Ca
2ϩ
. The permeation of Na ϩ is determined not only by interaction between Na ϩ and the channel protein, but also by interaction with Ca 2ϩ . Therefore binding sites with Na ϩ and/or Ca 2ϩ in the channel pore play important roles. For example, the Ca 2ϩ block of Na current could be quantitatively explained by assuming the binding of Ca 2ϩ to a site in the channel pore, which prohibit Na ϩ permeation [9] . This site is intimately related to the selectivity locus as mentioned above, since alanine mutations (DEKA to AAAA) greatly reduced or nearly eliminated the Ca 2ϩ block as estimated by maximal macroscopic conductance [12] . Na ϩ is known to permeate through L-type Ca channels when extracellular Ca 2ϩ is decreased below the micromolar level. This observation was well explained by the assumption of different affinities for Ca 2ϩ and Na ϩ to the common binding site(s) in the channel pore [20, 21] . A similar phenomenon is reported for cardiac Na channel: The exclusion of Na ϩ from the solution causes Ca 2ϩ to pass the Na channel [7] . Therefore ionic selectivity or the permeability ratio is a function of Na ϩ and Ca 2ϩ concentration in the Na channel with multi-ion nature. Conversely, a finding of concentration-dependent permeabilities indicates that the pore under study has multi-ion characteristics [22] . Variable permeability ratios depending on ionic concentrations were reported also for Na channels in the "slip-mode" state [5] .
On the other hand, the modification of ionic selectivity without changes in ionic environment (such as PKA-induced conversion to "slip mode") is a completely different phenomenon. It requires an alteration in the molecular machinery of ionic permeation. Because unitary current amplitude was determined by the interaction of ions and the channel protein (which was now modified), it need not inevitably be identical before and after the changes in selectivity. For example, when veratridine modifies Na channels, unitary current amplitude is decreased along with drastic changes in kinetic properties such as prolonged openings. This was associated with reduced ionic selectivity among monovalent cations [23] and changes in voltage dependence of the Ca 2ϩ block or "electrical distance" of the Ca 2ϩ binding site [10] . Is "slip mode" possible? The proposed acquisition of Ca 2ϩ permeability during "slip mode" indicates changes in interaction between channel protein and Ca 2ϩ . When this transformation could not be recognized through the analysis of permeation properties of Na ϩ , the combined interaction among Na ϩ , Ca 2ϩ , and the selectivity filter would be refuted. This is not consistent with the multi-ion nature of Na channels.
During "slip mode" evoked by PKA stimulation, P Ca /P Na was reported to rise about 1. ] i ϭ0 mM [3, 5] . This value was obtained from the measured shift in reversal potentials, based on the Nernst-Planck electrodiffusion theory or modified version of Goldman-Hodgkin-Katz equations [24] . Because this procedure is based on the assumptions of independence (i.e., ions cross-membrane without interacting with one another), the reported changes in permeability ratio cannot be directly related to changes in unitary current amplitude measured in our study, where ionic environments for both Na ϩ and Ca 2ϩ are different. ] o ϭ10 mM, GHK current equations with identical permeability for Na ϩ and Ca 2ϩ reveal that the relative percentage of ion movement during the flow of Na channel at Ϫ60 mV is Ca 2ϩ (20%) : Na ϩ (80%). If the increase in P Ca /P Na is exclusively brought about by an increased Ca 2ϩ permeability, changes in unitary current amplitude should be within the detection limit in our experimental settings.
The observed shift in reversal potential by Santana et al. [3] might be explained by a change in the relative size of multiple ion channel types with differing reversal potentials. In a more recent Technical Comments article [5] , however, they reported a marked Ca 2ϩ entry through reconstructed Na channels when all three subunits (␣, ␤ 1 , and ␤ 2 ) are coexpressed in HEK cells. Because of potentially marked physiological significance, the possibility of "dynamic selectivity filters" in ion channels should be further investigated.
